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VERTICAL ARRAY OF RESISTIVE
SWITCHING DEVICES HAVING
RESTRICTED FILAMENT REGIONS AND
TUNABLE TOP ELECTRODE VOLUME

DOMESTIC PRIORITY

This application 1s a continuation of U.S. application Ser.
No. 16/003,614, filed Jun. 8, 2018, the contents of which are
incorporated by reference herein 1n 1ts entirety.

BACKGROUND

The present invention relates 1n general to an array of
resistive switching devices (RSDs). More specifically, the
present mvention relates to fabrication methods and result-
ing structures for forming a vertical array of RSDs having
restricted filament regions and tunable top electrode volume.

Resistive random access memory (ReRAM) 1s a nano-
scale non-volatile memory (NVM). ReRAM provides
simple storage cell components, high density, low power,
large endurance, fast write/read/erase speeds, and excellent
scalability. A typical ReRAM storage cell 1s two-terminal
device formed as a metal-insulator-metal (MIM) structure.
The msulator material can be a binary metal oxide, which
makes the MIM storage cell compatible with silicon-based
CMOS (complementary metal oxide semiconductor) fabri-
cation process. When a suilicient electrical signal 1s applied
across the metal electrodes of a MIM, the resistance of the
insulator can be switched from one resistance state to
another. The 1insulator retains 1ts current resistance state until
an appropriate electrical signal 1s applied across the metal
clectrodes to change it.

ReRAM, along with the logic circuitry used to address/
read/write individual ReRAM cells, can be implemented in
an array (e.g., crossbar arrays), which 1s compatible with a
variety of electronic circuits and devices, including neuro-
morphic architectures. Multiple pre-neurons and post-neu-
rons can be connected through the array of ReRAMSs, which
naturally expresses a fully-connected neural network. The
density of ReRAM can be increased by configuring the array

as a three-dimensional (3D) vertical stack of addressable
ReRAM cells as practiced in Flash NAND technologies.

SUMMARY

Embodiments of the invention are directed to a vertical
resistive device. A non-limiting example of the vertical
resistive device includes a horizontal plate having a con-
ductive electrode region and a filament region. An opening
extends through the filament region and i1s defined by
sidewalls of the filament such that the filament region 1s
positioned outside of the opening. A conductive pillar 1s
positioned within the opening and 1s communicatively
coupled to the filament region.

Embodiments of the invention are directed to a method of
forming a vertical resistive device. A non-limiting example
of the method includes forming a stack that includes a
horizontal plate having a conductive electrode region and a
filament region. The stack further includes an opening that
extends through the filament region and i1s defined by
sidewalls of the filament such that the filament region 1s
positioned outside of the opening. The stack further includes
a conductive pillar positioned within the opening and com-
municatively coupled to the filament region.

Additional features and advantages are realized through
techniques described herein. Other embodiments and
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aspects are described 1n detail herein. For a better under-
standing, refer to the description and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which 1s regarded as embodiments 1s
particularly pointed out and distinctly claimed in the claims
at the conclusion of the specification. The foregoing and
other features and advantages of the embodiments are appar-
ent from the following detailed description taken in con-
junction with the accompanying drawings in which:

FIG. 1A depicts a simplified block diagram 1illustrating a
cross-sectional view of a two-terminal resistive switching
device (RSD), which can be used as a storage cell of an
ReRAM structure capable of incorporating aspects of the
invention;

FIG. 1B depicts a diagram of an I-V curve illustrating the
switching operation of the RSD component shown in FIG.
1A;

FIG. 2 depicts a simplified block diagram 1llustrating how
the RSD component shown 1n FIG. 1A can be utilized as an
addressable cross-point storage cell of an ReRAM crossbar
array capable of incorporating aspects of the imnvention;

FIG. 3 depicts a simplified block diagram illustrating a
vertical ReRAM array capable of incorporating aspects of
the 1nvention:

FIG. 4 depicts a cross-sectional view, taken along line
A-A of FIG. 3, illustrating example RSDs of the vertical
ReRAM array shown in FIG. 3;

FIGS. 5-11 illustrate cross-sectional views depicting the
results of various fabrication operations 1n accordance with
embodiments of the invention for forming the RSDs of the
vertical ReRAM array shown 1n FIG. 4, 1n which:

FIG. 5 depicts a cross-sectional view of a segment of the
vertical ReRAM array after fabrication operations according,
to aspects of the mvention;

FIG. 6 depicts a cross-sectional view of a segment of the
vertical ReRAM array after fabrication operations according
to aspects of the mvention;

FIG. 7 depicts a cross-sectional view of a segment of the
vertical ReRAM array after fabrication operations according
to aspects of the mvention;

FIG. 8 depicts a cross-sectional view of a segment of the
vertical ReRAM array after fabrication operations according,
to aspects of the mvention;

FIG. 9 depicts a cross-sectional view of a segment of the
vertical ReRAM array after fabrication operations according,
to aspects of the mvention;

FIG. 10 depicts a cross-sectional view of a segment of the
vertical ReRAM array after fabrication operations according,
to aspects of the mvention;

FIG. 11 depicts a cross-sectional view of a segment of the
vertical ReRAM array after fabrication operations according
to aspects of the mvention; and

FIG. 12 depicts a table showing example ranges and
material types for low resistivity, medium resistivity, and
high resistivity according to aspects of the present invention.

DETAILED DESCRIPTION

It 1s understood in advance that, although a detailed
description 1s provided of the formation and resulting struc-
tures for a specific type of RSD, implementation of the
teachings recited herein are not limited to a particular type
of RSD or IC architecture. Rather embodiments of the
present invention are capable of being implemented in
conjunction with any other type of RSD (e.g., phase change
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memory, spin-transier torque memory, and the like) or IC
architecture (e.g., RAM, neuromorphic computing applica-
tions, etc.), now known or later developed.

For the sake of brevity, conventional techniques related to
semiconductor device and IC fabrication may or may not be
described i1n detail herein. Moreover, the various tasks and
process steps described herein can be incorporated into a
more comprehensive procedure or process having additional
steps or functionality not described in detail herein. In
particular, various steps in the fabrication of semiconductor
devices and semiconductor-based ICs are well known and
so, 1n the interest of brevity, many conventional steps will
only be mentioned briefly herein or will be omitted entirely
without providing the well-known process details.

Turning now to an overview of technologies that are more
specifically relevant to aspects of the present invention, with
the growth of digital data applications, there 1s a need for
increasingly fast and scalable memory technologies for data
storage and data-driven computation. ReRAM 1s a high
speed, high density, and low fabrication-cost NVM technol-
ogy. Thus, ReRAM has the potential to replace and/or
complement the limited scaling of flash memories and other
silicon-based memories such as dynamic random access
memory (DRAM) and static random access memory
(SRAM).

A typical ReRAM storage cell 1s a two-terminal device
formed as a metal-insulator-metal (MIM) structure, which 1s
a simpler construction than the three terminal storage cells
used in conventional CMOS-based DRAM or tlash memory.
The insulator material in the MIM can be a binary metal
oxide, which makes fabricating a MIM ReRAM storage cell
compatible with silicon-based CMOS fabrication process.
The resistance of an ReRAM storage cell serves as the
switchable conduction state that stores data. When a suili-
cient electrical field/signal 1s applied across the metal elec-
trodes of a MIM, the resistance of the insulator can be
switched from one resistance state to another through vari-
ous mechanisms, including the formation and rupture of
one-dimensional conductive filaments formed 1n the metal
oxide during electroforming. The formation and rupture of
the conducting filaments imnvolves various reduction-oxida-
tion (redox) reactions and depends on the metal/electrode
matenial. The oxygen vacancy concentration (V,) 1n the
ox1ide of the binary metal oxide and the state of the insulator/
clectrode interface are significant factors in controlling the
resistive switching mechanism in a MIM memory cell. Thus,
it 1s desirable to use insulators in the form of oxides with a
high mobility of oxygen vacancies (e.g., single-layer non-
stoichiometric or double-layer oxide structures with 1onic
bonding).

Because each ReRAM storage cell uses only two external
terminals, these memories can be accommodated 1n an array
(e.g., the crossbar array 200 shown 1n FIG. 2, and the vertical
ReRAM array 300 shown 1n FIG. 3), which 1s compatible
with a variety of electronic circuits and devices, including
ultra-high density NVM and artificial neural network (ANN)
architectures. A basic array includes a set of conductive row
clectrodes and a set of conductive column electrodes formed
to intersect the set of conductive row electrodes. The ter-
sections between the two sets of electrode lines are separated
by a so-called “cross-point” device, which, in ReRAM
memory circuits, can be implemented as a two-terminal
MIM RSD. The conduction state (e.g., resistance) of the
MIM i1nsulator can be altered by controlling the voltages
applied between individual electrode lines of the row and
column electrode lines. Digital data can be stored by altera-
tion of the insulator material’s conduction state at the
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intersection to achieve a high conduction state (or low
resistance state (LRS)) or a low conduction state (or high
resistance state (HRS)). The MIM 1nsulator material can also
be programmed to maintain two or more distinct conduction
states by selectively setting the conduction state of the
material. The conduction state of the memristor material can
be read by applying a voltage across the material and
measuring the current that passes through the target cros-
spoint device.

In neuromorphic computing applications (e.g., ANN), an
RSD can be used as a connection (synapse) between a
pre-neuron and a post-neuron, thus representing the connec-
tion weight 1n the form of device resistance. Neuromorphic
systems are interconnected processor elements that act as
simulated “neurons” and exchange “messages” between
cach other 1n the form of electronic signals. Similar to the
so-called “plasticity” of synaptic neurotransmitter connec-
tions that carry messages between biological neurons, the
connections in neuromorphic systems such as ANNs carry
clectronic messages between simulated neurons, which are
provided with numeric weights that correspond to the
strength or weakness of a given connection. The weights can
be adjusted and tuned based on experience, making neuro-
morphic systems adaptive to inputs and capable of learning.
For example, a neuromorphic/ANN for handwriting recog-
nition 1s defined by a set of mput neurons, which can be
activated by the pixels of an input image. After being
weighted and transformed by a function determined by the
network’s designer, the activations of these imput neurons
are then passed to other downstream neurons, which are
often referred to as “hidden” neurons. This process 1is
repeated until an output neuron 1s activated. The activated
output neuron determines which character was read. Mul-
tiple pre-neurons and post-neurons can be connected
through an array of ReRAMs, which naturally expresses a
tully-connected neural network.

The density of MIM ReRAMs in an array can be
increased by forming the array as a 3D stack of ReRAM
cells as practiced 1 Flash NAND technology. A vertical
ReRAM array (e.g., the vertical ReRAM array 300 shown 1n
FIG. 3) 1s an example of a 3D array. In a vertical ReRAM,
a stack ol horizontal plates serves as shared bottom elec-
trodes, and vertical electrodes (e.g., a conductive pillar)
extend through an openings/vias in the stack of horizontal
plates to serve as shared top electrode. A metal oxide 1s
wrapped around each of the vertical electrodes such that
both the metal oxide and the vertical electrode occupy each
opening/via in the stacked horizontal plates. An individual
ReRAM cell/stack of the vertical ReRAM array 1s defined at
cach intersection between a horizontal plate (bottom elec-
trode) and a vertical electrode (top electrode). The metal
oxide of each individual ReRAM cell/stack 1s the portion of
the metal oxide that 1s around the vertical electrode at the
horizontal/vertical electrode intersection.

In general, the vertical electrode and metal oxide of a
MIM cell/stack (e.g., MIM stack 100 shown 1n FIG. 1A) can
be deposited by physical vapor deposition (PVD) in order to
control the oxygen vacancy concentration 1n the metal oxide
layer. However, i1t 1s diflicult to apply PVD {fabrication
techniques to 3D structures. Atomic layer deposition (ALD)
has been proposed as a method to deposit the metal oxide
around the vertical electrode. However, as the opening/via
diameter 1s reduced due to scaling, the resistivity of the
vertical electrodes become high due to limited area for metal
deposition.

Turning now to an overview of aspects of the present
invention, embodiments of the invention address the short-
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comings ol the prior art by providing fabrication method-
ologies and resulting structures for forming a vertical array
of RSDs having restricted metal oxide (or filament) regions
and tunable top electrode volume. In embodiments of the
invention, a vertical array of RSDs 1s provided, and each
RSD of the vertical array 1s formed in a MIM configuration
in which a horizontal plate serves as the bottom electrode,
and a vertical electrode (e.g., a conductive pillar) extends
through an opening/via in the horizontal plate to serve as the
top electrode. The vertical electrode includes a reactive
clectrode region formed from a stack of metal layers, along
with a metal {ill region formed from a low resistivity metal.
In contrast to known MIM configurations, the metal oxide 1s
fabricated 1n a manner such that it 1s, 1n eflect, part of the
horizontal electrode. Thus, 1n embodiments of the invention,
the horizontal plate includes a conductive electrode region
and a metal oxide region, and the opening/via through the
horizontal plate extends, in eflect, through the metal oxide
region of the horizontal plate. Accordingly, unlike known
MIM configurations, none of the volume defined by the
opening/via through the horizontal plate needs to be allo-
cated to the metal oxide, and all of the volume defined by the
opening/via through the horizontal plate can be allocated to
the vertical electrode. Although the metal oxide 1s not
present within the opening/volume, embodiments of the
invention do not compromise the resistive switching pertor-
mance of the RSD because a full interface between the
conductive electrode portion of the horizontal plate and the
metal oxide portion of the horizontal plate 1s maintained. By
maintaining the full electrode/oxide interface, the concen-
tration of oxygen vacancies 1n the oxide 1s not compromised.

Because embodiments of the i1nvention, 1n eflect,
decouple the metal oxide region from the opening/via vol-
ume, an expanded range of RSD parameters can be tuned
(and mixed and matched) for optimized RSD performance.
The parameters include the size of the interface between the
conductive electrode of the horizontal plate and the metal
oxide region ol the horizontal plate; the volume of the
opening/via; the portion of the horizontal plate that is
allocated to the conductive electrode; the portion of the
horizontal plate that 1s allocated to the metal region; the
thickness of the metal layers that form the reactive electrode
portion of the vertical electrode; and the volume of the low
resistance metal fill material that forms the metal fill portion
of the vertical electrode. For example, for a given opening/
via diameter/pitch, more of the opeming/via can be allocated
to the low resistivity metal fill material, thereby lowering the
resistance for the vertical electrode and enabling the forma-
tion of larger cell array structures than in the prior art.

In embodiments of the invention, the conductive region of
the horizontal plate (i.e., the bottom electrode) can be
formed from TiN or W deposited by ALD, chemical vapor
deposition (CVD), or PVD. In an ALD application, HIO,, or
Ta20; or ZrO, can be used as base oxides to form the metal
oxide region of the horizontal plate. The reactive electrode
of the vertical top electrode can be formed by using ALD to
form a TiIN/(M)AIC/T1N stack, where M 1s a transition metal
such as, but not limited to, Ti, Ta, and Nb. An oxygen
vacancy concentration of the vertical top electrode can be
controlled by the TiN/(M)AIC thicknesses and Al % 1n the
(M)AIC layer of the vertical top electrode.

As previously noted herein, in embodiments of the mnven-
tion, the vertical electrode includes a reactive electrode
region formed from a stack of metal layers, along with a
metal fill region formed from a low resistivity metal. In
embodiments of the invention, the metal fill material of the
vertical electrode can include one or more low-resistivity
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metals selected from the group consisting of tungsten (W),
aluminum (Al), and copper (Cu). In embodiments of the
invention, the reactive electrode region can include a bottom
layer, an intermediate layer and a top layer. The bottom layer
can be formed from titanium nitride (TiN) having a thick-
ness dimension from about 0.3 nm to about 3.0 nm. The
intermediate layer can be formed from (M)AIC, where M 1s
a transition metal selected from the group consisting of
titanium ('11), tantalum (Ta), and Niobium (Nb). The inter-
mediate layer can have a thickness dimension from about 1
nm to about 10 nm. The top layer can be formed from TiN
having a thickness dimension from about 1 nm to about 3
nm.

Turning now to a more detailed description of example
embodiments of the imnvention, FIG. 1A depicts a simplified
block diagram 1llustrating a cross-sectional view of a two-
terminal RSD component 100, which can be used as a
storage cell of an ReRAM structure (e.g., crossbar array 200
shown 1n FIG. 2 or vertical ReRAM array 300 shown 1n FIG.
3) capable of incorporating aspects ol the mnvention. The
RSD storage cell 100 includes a top electrode 102, metal
oxide active region 104, and a bottom electrode 106, con-
figured and arranged as shown. When a suflicient electrical
signal (e.g., a voltage) 1s applied across the top/bottom
electrodes 102, 106, the resistance of the metal oxide 104
can be switched from one resistance state to another. The
metal oxide 104 retains 1ts current resistance state until an
appropriate electrical signal 1s applied across the top/bottom
clectrodes 102, 106 to change it.

FIG. 1B depicts a diagram of an I-V curve illustrating the
switching operation of the RSD storage cell 100. The
operation principle of the RSD storage cell 100 1s based on
the reversible resistive switching (RS) between at least two
stable resistance states, namely the high resistance state
(HRS) and low resistance state (LRS), which occur 1n the
metal oxide 104. In general, the operation that changes the
resistance of the storage cell 100 from a high resistance state
(HRS) to a low resistance state (LRS) 1s called a SET
process, while the opposite process 1s defined as a RESET
process. The specific resistance state (HRS or LRS) can be
retained after the electric stress 1s cancelled, which indicates
the nonvolatile nature of ReRAM. For an initial write
operation, a voltage larger than the SET voltage 1s needed 1n
order to “turn on” the resistive switching behaviors of the
metal oxide 104 for the subsequent cycles. This 1s often
referred to as the forming process or the electroforming
Process.

Based on the electrical polarnity’s relationship between the
SE'T process and the RESET processes, the resistive switch-
ing behaviors of the storage cell 100 can be divided into two
modes, which are known as a unipolar mode (not shown)
and a bipolar mode (shown in FIG. 1B). In the unipolar
switching mode, both SET and RESET transitions are
achieved by applying electrical voltages of the same polarity
(e.g., a positive voltage). In the bipolar switching mode, SE'T
and RESET transitions are executed by applying voltages of
opposite polarities (e.g., a positive voltage SET and a
negative voltage RESET). In both cases, the current 1s
limited by a compliance level during the abrupt set transition
in order to suitably control the size of current conducting
fillament (CF) and the corresponding LRS resistance value.

FIG. 2 depicts a simplified block diagram 1llustrating how
the RSD storage cell 100 shown in FIG. 1A can be utilized
as an addressable cross-point storage cell 100A of an
ReRAM crossbar array 200 capable of incorporating aspects
of the imvention. The array 200 includes perpendicular
conductive top electrode lines 202 (e.g., wordline rows),
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conductive bottom electrode lines 204 (e.g., bitline col-
umns), and RSD memory cells 100A at the intersection
between each top electrode line 202 and bottom electrode
line 204. The storage cell 100A can be configured to operate
the same as the storage cell 100 shown i FIG. 1A. Each
storage cell 100A can be accessed for read and write by

biasing the corresponding top electrode line 202 and bottom
clectrode line 204.

FI1G. 3 depicts a sitmplified block diagram 1llustrating how
RSD storage cells 1008, 100C (shown in FIG. 4) can be
utilized as an addressable memory of a 3D vertical ReRAM
array 300 capable of incorporating aspects of the invention.
The RSD storage cells 1008, 100C include novel features 1n
accordance with aspects of the invention but function, at a
high level, substantially the same as the RSD storage cell
100 shown 1n FIG. 1A. The 3D vertical array 300 includes
a stack formed from alternating layers of interlayer dielec-
trics (ILDs) 502D, 502E, 502F and horizontal plates/elec-

trodes 306C, 306D. For ease of illustration and explanation,
only two horizontal plates/electrodes 306C, 306D and three
ILD layers 502D, 502E, 502F are shown in FIG. 3. How-
ever, aspects of the mvention can be applied to a stack
having any number of ILD layers and horizontal plates/
clectrodes. Multiple openings/vias 602 (shown in FIG. 6)
having width dimensions 420 (shown in FIG. 6) extend
through the stack, and multiple vertical electrodes 410
extend through each opening/via 602. For ease of illustration
and explanation, only vertical electrodes 410 are shown 1n
FIG. 3. However, aspects of the invention can be applied to
a stack having any number of vertical electrodes 410 and
openings/vias 602. In accordance with aspects of the inven-
tion, the metal oxides 304 A, 304B (shown 1n FIG. 4) are not
present within the openings/vias 602, but are instead formed
as part of the horizontal plates 402A, 402B (shown 1n FIG.
4). Each storage cell 100B, 100C of the vertical ReRAM
array 300 can be accessed for read and write by biasing the
corresponding horizontal/inert electrode 306 A and vertical
clectrode 410.

FIG. 4 depicts a cross-sectional view, taken along line
A-Am FIG. 3, of a portion 300A of the 3D vertical ReRAM
array 300 (shown 1n FIG. 3). The 3D vertical ReRAM array
300A 1illustrates additional details of the RSD storage cells
1008, 100C. The vertical array 300A 1ncludes a first RSD
100B and a second RSD 100C. The first RSD 100B 1ncludes
a horizontal inert electrode region 306C, a metal oxide
region 304 A, and the vertical electrode 410, configured and
arranged as shown. The second RSD 100C includes a
horizontal inert electrode region 306D, a metal oxide region
304B, and the wvertical electrode 410, configured and
arranged as shown. Functionally, the first and second RSDs
1008, 100C operate substantially the same as the two-
terminal RSD component 100. For example, using the first
RSD 100B as an example, when a suflicient electrical signal
(e.g., a voltage) 1s applied across the top/bottom electrodes
410, 306D, the resistance of the metal oxide region 304 A can
be switched from one resistance state to another. The metal
oxide region 104 A retains its current resistance state until an
approprate electrical signal 1s applied across the top/bottom
clectrodes 410, 306 A to change 1t. Interlayer dielectric (ILD)
regions 502D, 502E, 502F are on opposite sides of each of
the horizontal/inert electrodes 306C, 306D and the metal
oxide regions 304A, 304B. The vertical electrode 410
includes a reactive electrode region 302, which can be
formed from a stack of metal layers 302A, 302B, along with
a metal fill region 412, which can be formed from a low
resistivity metal 412A. The vertical electrode 410 1s posi-
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tioned within an opening/via 602C (shown in FIG. 9) and
occupies the full volume (e.g., width dimension 420) of the
opening 602C.

In accordance with aspects of the invention, a horizontal
plate 402A of the first RSD 100B 1s formed from the
horizontal/inert electrode 306C and the metal oxide region
304 A, and a horizontal plate 402B of the second RSD 100C
1s formed from the horizontal/inert electrode 306D and the
metal oxide region 304B. Accordingly, 1n contrast to known
RSD/MIM configurations, the metal oxide regions 304 A,
304B are fabricated in a manner such that they are, in eflect,
part of the horizontal plates 402A, 402B, respectively. Thus,
in embodiments of the invention, the opening/via 602C
(shown 1n FIG. 9) through the horizontal plates 402A, 4028
extends, 1n effect, through the metal oxide regions 304A,
304B of the horizontal plates 402A, 402B. Accordingly,
unlike known MIM configurations, none of the volume
defined by the opening/via 602C needs to be allocated to the
metal oxide regions 304A 304B, and all of the volume
defined by the opening/via 602C through the horizontal
plates 402A, 403B can be allocated to the vertical electrode
410. Although the metal oxide regions 304A, 3048 are not
present within the opening/via 602C, embodiments of the
invention do not compromise the resistive switching perfor-
mance of the first and second RSDs 100B, 100C because a
full interface between the horizontal/inert electrodes 306C,
306D and the metal oxide regions 304 A, 304B, respectively,
1s maintained. By maintaining the full horizontal-electrode/
metal-oxide interface, the concentration of oxygen vacan-
cies 1n the metal oxide regions 304A, 304B 1s not compro-
mised.

In embodiments of the invention, the horizontal/inert
electrodes 306C, 306D can each be formed from TiN or W
deposited by ALD, chemical vapor deposition (CVD), or
PVD. In an ALD application, HIO, or Ta20. or ZrO, can be
used as base oxides to form the metal oxide regions 304 A,
304B. The reactive electrode 302 of the vertical top elec-
trode 410 can be formed by using ALD to form a TiN/(M)
AIC/TiN stack, where M 1s a transition metal such as, but not
limited to, T1, Ta, and Nb. An oxygen vacancy concentration
of the reactive electrode 302 of the vertical top electrode 410
can be controlled by the TiN/(M)AIC thicknesses and Al %
in the (M)AIC layer of the reactive electrode 302.

In embodiments of the invention, the metal fill material
412 of the vertical electrode 410 can 1nclude one or more
low-resistivity metals selected from the group consisting of
tungsten (W), aluminum (Al), and copper (Cu). In embodi-
ments of the mvention, the reactive electrode region 302 can
include a bottom layer, an intermediate layer and a top layer.
The bottom layer can be formed from titanium nitride (TiN)
having a thickness dimension from about 0.3 nm to about 3.0
nm. The intermediate layer can be formed from (M)AIC,
where M 1s a transition metal selected from the group
consisting of titanium (T11), tantalum (Ta), and Niobium
(Nb). The intermediate layer can have a thickness dimension
from about 1 nm to about 10 nm. The top layer can be
formed from TiN having a thickness dimension from about
1 nm to about 3 nm.

FIGS. 5-11 depict the results of various fabrication opera-
tions for forming the vertical ReRAM array 300A shown in
FIG. 4. FIG. 5 depicts a cross-sectional view of an 1nitial
array structure 500 after an initial set of fabrication having
been used to form alternating layers of an ILD layer 502A,
a horizontal/inert electrode layer 306 A, an ILD Layer 502B,
a horizontal/inert electrode layer 3068, and an ILD Layer
502C, configured and arranged as show. A variety of known
fabrication operations are suitable for forming the initial
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array structure 500 so the details of such operations have
been omitted 1n the interest of brevity.

In FIG. 6, known fabrication operations (e.g., a reactive
ion etch (RIE) has been used to form the opening/via 602
through the structure 500. The opening/via has width dimen-
sion 420. Forming the opeming/via 602 results 1in the for-
mation of ILD regions 502D, 502E, 502F and horizontal/
inert electrode regions 306C, 306D.

In FIG. 7, known fabrication operations (e.g., an 1sotropic
RIE) have been used to selectively remove portions of the
horizontal/inert electrode regions 306C, 306D to form
undercut regions 702. The depth of the undercut regions 702
1s selected to match the desired width of the metal oxide
regions 304A, 304B (shown in FIG. 9) that will be formed
therein. Forming the undercut regions 702 results 1n forming
opening/via 602A having a serrated inner sidewall contour
as shown in FIG. 7.

In FIG. 8, known fabrication operations (e.g., a conformal
ALD) have been used to deposit a conformal metal oxide
layer 304" such that the metal oxide layer 304' covers
sidewalls of the opening/via 602A (shown in FIG. 7) and
f1lls (or pinches ofl) in the undercut regions 702 (shown 1n
FIG. 7). Depositing the metal oxide layer 304' results 1n
forming an opening/via 602B.

In FIG. 9, known fabrication operations (e.g., anisotropic
RIE) have been used to selectively remove portions of the
metal oxide layer 304" (shown 1n FIG. 8) to form the metal
oxide regions 304A, 304B. Forming the metal oxide regions
304A, 304B results 1n forming an opening/via 602C, which
has the same width 420 as the original opening/via 602
(shown in FIG. 6). The opeming/via 602C has inner sidewalls
defined by sidewalls of the ILD regions 502D, 502E, 502F
and sidewalls of the metal oxide regions 304A, 304B.

The fabrication stage of the array structure 500 shown in
FIG. 9 can also formed from an array structure 1000 shown
in FIG. 10. FIG. 10 depicts a cross-sectional view of the
array structure 1000, which 1s an alternative to the iitial
array structure 500 shown i FIG. 5. As shown 1n FIG. 10,
an 1nitial set of fabrication having been used to form
alternating layers of the ILD layer 502 A, the horizontal/inert
clectrode layer 306C, a metal oxide layer 304", the ILD
Layer 502B, the horizontal/inert electrode layer 306D, a
metal oxide layer 304", and the ILD Layer 502C, configured
and arranged as show. A variety of known {fabrication
operations are suitable for forming the array structure 1000
so the details of such operations have been omitted 1n the
interest of brevity. Known fabrication operations (e.g., a
reactive 1on etch (RIE) can be applied to the array structure
1000 to form the opening/via 602C (shown 1n FIG. 9).

In FIG. 11, known {fabrication operations (e.g., ALD,
sputtering, etc.) have been used to deposit a reactive elec-
trode material layer 302' across the structure 500 and 1nto the
opening/via 602C, and then deposit a fill metal material 412
across the structure 500 and 1nto the remaining volume of
the opening/via 602C. A chemical mechanical planarization
(CMP) 1s applied to planarize the reactive electrode material
302" and the fill metal maternial 412' to form the vertical
ReRAM array 300A shown in FIG. 4.

FI1G. 12 depicts a table 1200 showing example ranges and
material types for low resistivity, medium resistivity, and
high resistivity according to aspects of the present invention.
As shown 1n FIG. 12, a material can be considered to have
low resistivity if its resistivity is below about 1x10° ohm
meters. The electrical resistivity of a particular conductor
material 1s a measure of how strongly the material opposes
the flow of electric current through 1t. This resistivity factor,
sometimes called 1ts “specific electrical resistance,” enables
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the resistance of different types of conductors to be com-
pared to one another at a specified temperature according to
their physical properties without regards to their lengths or
cross-sectional areas. Thus, the higher the resistivity value
of p the more resistance and vice versa. For example, the
resistivity of a good conductor such as copper 1s on the order
of 1.72x107° ohm meters, whereas the resistivity of a poor
conductor (insulator) such as air can be well over 1.5x10"'*
ohm meters. Materials such as Cu and Al are known for their

low levels of resistivity thus allowing electrical current to
casily tlow through them making these matenals.

The vertical ReRAM array 300A (shown 1n FIG. 4) can be
tabricated 1n the back end of line (BEOL) at relatively low
temperatures, which allows for easy mtegration with CMOS
devices and stacking 1n 3D. Accordingly, vertical ReRAM
array can be used not only for NVM, but also for computing
memories, thereby allowing fast data access to overcome the
bottlenecks that can occur in conventional von Neumann
computing architectures, as well as for computing architec-
tures blurring the distinction between memory circuits and
computing circuits, such as nonvolatile memristive logic
computation or neuromorphic networks (e.g., ANNSs).

The methods described herein are used 1n the fabrication
of IC chips. The resulting integrated circuit chips can be
distributed by the fabricator in raw waiter form (that 1s, as a
single water that has multiple unpackaged chips), as a bare
die, or 1n a packaged form. In the latter case the chip is
mounted 1n a single chip package (such as a plastic carrier,
with leads that are aflixed to a motherboard or other higher
level carrier) or in a multichip package (such as a ceramic
carrier that has either or both surface interconnections or
buried interconnections). In any case the chip 1s then inte-
grated with other chips, discrete circuit elements, and/or
other signal processing devices as part of either (a) an
intermediate product, such as a motherboard, or (b) an end
product. The end product can be any product that includes
integrated circuit chips, ranging from toys and other low-end
applications to advanced computer products having a dis-
play, a keyboard or other input device, and a central pro-
CESSOT.

Various embodiments of the present invention are
described herein with reference to the related drawings.
Alternative embodiments can be devised without departing
from the scope of this invention. Although various connec-
tions and positional relationships (e.g., over, below, adja-
cent, etc.) are set forth between elements in the following
description and in the drawings, persons skilled 1n the art
will recognize that many of the positional relationships
described herein are orientation-independent when the
described functionality 1s maintained even though the ori-
entation 1s changed. These connections and/or positional
relationships, unless specified otherwise, can be direct or
indirect, and the present invention 1s not intended to be
limiting 1n this respect. Similarly, the term *“coupled” and
variations thereof describes having a communications path
between two elements and does not 1imply a direct connec-
tion between the elements with no intervening elements/
connections between them. All of these variations are con-
sidered a part of the specification. Accordingly, a coupling of
entities can refer to either a direct or an indirect coupling,
and a positional relationship between entities can be a direct
or indirect positional relationship. As an example of an
indirect positional relationship, references in the present
description to forming layer “A” over layer “B” include
situations 1n which one or more intermediate layers (e.g.,
layer “C”) 1s between layer “A” and layer “B” as long as the
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relevant characteristics and functionalities of layer “A” and
layer “B” are not substantially changed by the intermediate
layer(s).

The following defimitions and abbreviations are to be used
for the mterpretation of the claims and the specification. As
used herein, the terms “comprises,” “‘comprising,”
“includes,” “including,” *“has,” “having,” “contains” or
“containing,” or any other varnation thereof, are intended to
cover a non-exclusive inclusion. For example, a composi-
tion, a mixture, process, method, article, or apparatus that
comprises a list of elements 1s not necessarily limited to only
those elements but can include other elements not expressly
listed or inherent to such composition, mixture, process,
method, article, or apparatus.

Additionally, the term “exemplary” 1s used herein to mean
“serving as an example, instance or illustration.” Any
embodiment or design described herein as “exemplary™ 1s
not necessarily to be construed as preferred or advantageous
over other embodiments or designs. The terms “at least one”
and “one or more” are understood to include any integer
number greater than or equal to one, 1.€. one, two, three,
tour, etc. The terms ““a plurality” are understood to 1nclude
any integer number greater than or equal to two, 1.e. two,
three, four, five, etc. The term “‘connection” can include an
indirect “connection” and a direct “connection.”

References 1n the specification to “one embodiment,” “an
embodiment,” “an example embodiment,” etc., indicate that
the embodiment described can include a particular feature,
structure, or characteristic, but every embodiment may or
may not include the particular feature, structure, or charac-
teristic. Moreover, such phrases are not necessarily referring
to the same embodiment. Further, when a particular feature,
structure, or characteristic 1s described 1n connection with an
embodlment it 1s submuitted that it 1s within the knowledge
of one skilled 1n the art to aflect such feature, structure, or
characteristic 1n connection with other embodiments
whether or not explicitly described.

For purposes of the description hereinafter, the terms
“upper,” “lower,” “night,” “left,” “vertical,” “horizontal,”
“top,” “bottom,” and derivatives thereotl shall relate to the
described structures and methods, as oriented 1n the drawing
figures. The terms “overlying,” “atop,” “on top,” “positioned
on” or “positioned atop” mean that a first element, such as
a lirst structure, 1s present on a second element, such as a
second structure, wherein intervening elements such as an
interface structure can be present between the first element
and the second element. The term “direct contact” means
that a first element, such as a first structure, and a second
element, such as a second structure, are connected without
any intermediary conducting, insulating or semiconductor
layers at the interface of the two elements.

Spatially relative terms, e.g., “beneath,” “below,”
“lower,” “above,” “upper,” and the like, can be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as 1llustrated
in the figures. It will be understood that the spatially relative
terms are mtended to encompass different orientations of the
device 1n use or operation in addition to the ornentation
depicted 1n the figures. For example, 11 the device 1n the
figures 1s turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the term
“below” can encompass both an ornientation of above and
below. The device can be otherwise orniented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein iterpreted accordingly.
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The terms “about,” “substantially,” “approximately,” and
variations thereof, are intended to include the degree of error
associated with measurement of the particular quantity
based upon the equipment available at the time of filing the
application. For example, “about” can include a range of
+8% or 5%, or 2% of a given value.

The phrase “selective to,” such as, for example, “a first
element selective to a second element,” means that the first
clement can be etched and the second element can act as an
etch stop.

The term “conformal” (e.g., a conformal layer) means that
the thickness of the layer 1s substantially the same on all
surfaces, or that the thickness variation 1s less than 15% of
the nominal thickness of the layer.

As previously noted herein, for the sake of brevity,
conventional techniques related to semiconductor device
and integrated circuit (IC) fabrication may or may not be
described in detail herein. By way of background, however,
a more general description of the semiconductor device
fabrication processes that can be utilized 1n 1implementing
one or more embodiments of the present invention will now
be provided. Although specific fabrication operations used
in 1mplementing one or more embodiments of the present
invention can be individually known, the described combi-
nation of operations and/or resulting structures of the present
invention are unique. Thus, the unique combination of the
operations described 1n connection with the fabrication of a
semiconductor device according to the present mvention
utilize a variety of individually known physical and chemi-
cal processes performed on a semiconductor (e.g., silicon)
substrate, some of which are described in the immediately
tollowing paragraphs.

In general, the various processes used to form a micro-
chip that will be packaged into an IC fall into four general
categories, namely, film deposition, removal/etching, semi-
conductor doping and patterning/lithography. Deposition 1s
any process that grows, coats, or otherwise transfers a
material onto the water. Available technologies include
physical vapor deposition (PVD), chemical vapor deposition
(CVD), electrochemical deposition (ECD), molecular beam
epitaxy (MBE) and more recently, atomic layer deposition
(ALD) among others. Removal/etching 1s any process that
removes material from the waler. Examples include etch
processes (either wet or dry), chemical-mechanical planar-
ization (CMP), and the like. Reactive 10n etching (RIE), for
example, 1s a type ol dry etching that uses chemically
reactive plasma to remove a material, such as a masked
pattern of semiconductor material, by exposing the material
to a bombardment of 1ons that dislodge portions of the
material from the exposed surface. The plasma 1s typically
generated under low pressure (vacuum) by an electromag-
netic field. Semiconductor doping 1s the modification of
clectrical properties by doping, for example transistor
sources and drains, generally by diffusion and/or by ion
implantation. These doping processes are followed by fur-
nace annealing or by rapid thermal annealing (RTA).
Annealing serves to activate the implanted dopants. Films of
both conductors (e.g., poly-silicon, aluminum, copper, etc.)
and 1nsulators (e.g., various forms of silicon dioxide, silicon
nitride, etc.) are used to connect and isolate transistors and
their components. Selective doping of various regions of the
semiconductor substrate allows the conductivity of the sub-
strate to be changed with the application of voltage. By
creating structures of these various components, millions of
transistors can be built and wired together to form the
complex circuitry of a modern microelectronic device.
Semiconductor lithography is the formation of three-dimen-
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sional relief 1images or patterns on the semiconductor sub-
strate for subsequent transfer of the pattern to the substrate.
In semiconductor lithography, the patterns are formed by a
light sensitive polymer called a photo-resist. To build the
complex structures that make up a transistor and the many
wires that connect the millions of transistors of a circuit,
lithography and etch pattern transier steps are repeated
multiple times. Each pattern being printed on the water 1s
aligned to the previously formed patterns and slowly the
conductors, insulators and selectively doped regions are
built up to form the final device.

The tflowchart and block diagrams in the Figures illustrate
possible implementations of fabrication and/or operation
methods according to various embodiments of the present
invention. Various functions/operations of the method are
represented 1n the flow diagram by blocks. In some alter-
native implementations, the functions noted in the blocks
can occur out of the order noted in the Figures. For example,
two blocks shown 1n succession can, 1n fact, be executed
substantially concurrently, or the blocks can sometimes be
executed 1n the reverse order, depending upon the function-
ality mvolved.

The descriptions of the various embodiments of the
present 1nvention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments described. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
described herein.

What 1s claimed 1s:

1. A vertical resistive device comprising:

a horizontal plate comprising a conductive electrode
region and a filament region;

an opening extending through the filament region and
defined by sidewalls of the filament region, wherein the
filament region 1s positioned outside of the opening;
and

a pillar positioned within the opening and communica-
tively coupled to the filament region,

wherein the pillar comprises a reactive electrode and a
metal {11l material.

2. The device of claim 1 further comprising;:

a first dielectric layer across from the conductive elec-
trode region and the filament region of the horizontal
plate; and

a second dielectric layer on an opposite side the horizontal
plate than the first dielectric layer and positioned across
from the conductive electrode region and the filament
region of the horizontal plate;

wherein the opening also extends through the first dielec-
tric layer and the second dielectric layer;

wherein sidewalls of the opening are also defined by
stdewalls of the first dielectric layer and sidewalls of
the second dielectric layer.

3. The device of claim 2, wherein the filament region 1s
bound by the horizontal plate, the first dielectric layer, the
second dielectric layer, and the pillar.

4. The device of claim 1, wherein:
the pillar comprises a cylindrical shape; and
the filament region comprises a ring shape and extends

around the pillar.
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5. The device of claim 1, wherein the reactive electrode
comprises a bottom layer comprising titanium nitride (TiN)
and having a thickness dimension from about 0.3 nm to
about 3.0 nm.

6. The device of claim 5, wherein the reactive electrode
COmprises:

an intermediate layer comprising (M)AIC, where M 1s a

transition metal selected from the group consisting of
titantum (11), tantalum (Ta), and Niobium (Nb),
wherein the intermediate layer comprises a thickness
dimension from about 1 nm to about 10 nm; and

a top layer comprising TiN and having a thickness dimen-

sion from about 1 nm to about 3 nm.

7. The device of claim 5, wherein the metal fill material
comprises one or more low-resistivity metals selected from
the group consisting of tungsten (W), aluminum (Al), and
copper (Cu).

8. The device of claim 1, wherein:

the conductive electrode functions as a bottom electrode

ol a resistive switching device (RSD);

the filament region functions as an 1nsulator region of the

RSD: and

the pillar functions as a top electrode of the RSD.

9. The device of claim 8, wherein an oxygen vacancy
concentration of the RSD 1s controlled by a thickness of a
plurality of metals forming the top electrode, wherein a first
one of the plurality of metals forming the top electrode
comprises a transition metal.

10. The device of claim 9, wherein the oxygen vacancy
concentration of the RSD 1s further controlled by a percent-
age of a second one of the plurality of metals forming the top
clectrode.

11. The device of claim 10, wherein the second one of the
plurality of metals forming the top electrode comprises Al.

12. The device of claim 1, wherein the horizontal plate
comprise titanium mitride (T1N) or tungsten (W).

13. The device of claim 2, wherein the first dielectric layer
and the second dielectric layer comprise silicon mitride (S1N)
or silicon dioxide (S10,).

14. The device of claim 1, wherein the filament region
comprises a metal oxide comprising a compound selected
from the group consisting of HIO, or Ta,O. or ZrQO,.

15. A method of forming a vertical resistive device, the
method comprising:

forming a stack comprising:

a horizontal plate comprising a conductive electrode
region and a filament region;

an opening extending through the filament region and
defined by sidewalls of the filament region, wherein
the filament region 1s positioned outside of the
opening; and

a pillar positioned within the opening and communi-
catively coupled to the filament region;

wherein the pillar comprises a reactive electrode and a

metal 111l material.

16. The method of claim 15, wherein:

the stack further comprises:

a first dielectric layer across from the conductive elec-
trode region and the filament region of the horizontal
plate; and

a second dielectric layer on an opposite side the hori-
zontal plate than the first dielectric layer and posi-
tioned across from the conductive electrode region
and the filament region of the horizontal plate;

the opening also extends through the first dielectric
layer and the second dielectric layer; and
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stdewalls of the opening are also defined by sidewalls
of the first dielectric layer and sidewalls of the
second dielectric layer.

17. The method of claim 16, wherein the filament region
1s bound by the horizontal plate, the first dielectric layer, the
second dielectric layer, and the pillar.

18. The method of claim 15, wherein:

the reactive electrode comprises:

a bottom layer comprising titanium nitride (TiN) and
having a thickness dimension from about 0.3 nm to
about 3.0 nm;

an intermediate layer comprising (M)AIC, where M 1s
a transition metal selected from the group consisting
of titantum ('I1), tantalum (Ta), and Niobium (Nb),
wherein the intermediate layer comprises a thickness
dimension from about 1 nm to about 10 nm; and

a top layer comprising TiN and having a thickness
dimension from about 1 nm to about 3 nm; and

the metal fill material comprises one or more low-
resistivity metals selected from the group consisting
of tungsten (W), aluminum (Al), and copper (Cu).
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19. The method of claim 15, wherein:

the conductive electrode functions as a bottom electrode
of a resistive switching device (RSD);

the filament region functions as an 1nsulator region of the
RSD;

the pillar functions as a top electrode of the RSD; and

an oxygen vacancy concentration of the RSD 1s controlled
by:

a thickness of a plurality of metals forming the top
clectrode, wherein a first one of the plurality of
metals forming the top electrode comprises a tran-
sition metal; and

a percentage ol one of the plurality of metals forming,
the top electrode.

20. The method of claim 16, wherein:

the horizontal plate comprise titanium nitride (TiN) or
tungsten (W);

the first dielectric layer and the second dielectric layer
comprise silicon nitride (S1N) or silicon dioxide (510,);
and

the filament region comprises a metal oxide comprising a
compound selected from the group consisting of HtO,

or la,O or ZrO,.
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